On 13 October 2017, the Tropospheric Monitoring Instrument (TROPOMI) was launched on the Copernicus Sentinel-5 Precursor satellite in a sun-synchronous orbit. One of the mission's operational data products is the total column concentration of carbon monoxide (CO), which was released to the public in July 2018. Using HITRAN 2008 spectroscopic data with an updated water vapor spectroscopy, the CO data product is compliant with the mission requirement of 10 % precision and 15 % accuracy for single soundings. Comparison with ground-based CO observations of the Total Carbon Column Observing 5 Network (TCCON) show systematic differences of about 6.4 ppb and single orbit observations are superimposed by a significant striping pattern along the flight path exceeding 5 ppb. In this study, we discuss possible improvements of the CO data product. We found that the molecular spectroscopic data used in the retrieval plays a key role for the data quality where the use of the Scientific Exploitation of Operational Missions -Improved Atmospheric Spectroscopy Databases (SEOM-IAS) and the HITRAN 2012 and 2016 releases reduce the bias between TROPOMI and TCCON due to improved CH 4 spectroscopy.
The theoretical details for the algorithm are described by Vidot et al. (2012) ; Landgraf et al. (2016a, b) . For this study, we analyze one year of TROPOMI SWIR measurements from November 2017 to November 2018 using the operational SICOR as used by Borsdorff et al. (2018b Borsdorff et al. ( , a, 2019 .
The radiative transfer and so the data interpretation depends on spectroscopic data to simulate the absorption lines of atmospheric trace gases. The operational TROPOMI CO processor uses the line lists of HITRAN 2008 (Rothman et al., 2009) for 5 the trace gases CO and CH 4 and the updated water vapor spectroscopy for HDO and H 2 O by Scheepmaker et al. (2012) , who updated the line intensities, pressure shifts and pressure broadening parameters by fitting laboratory spectra of water vapor.
They showed that the H 2 O column retrieval from ground-based FTS measurements is improved by the updated line parameters. Also the HITRAN 2012 release (Rothman et al., 2013) and SO 2 with the objective to improve the quality of the Sentinel-5P data products (https://www.wdc.dlr.de/seom-ias/). Some of the updates from SEOM-IAS regarding the spectroscopy of water vapor are already integrated in the new HITRAN 2016 release (Gordon et al., 2017) .
To test the effect of the different spectroscopic databases on the TROPOMI CO retrieval, we performed multiple retrievals 15 where we substituted the spectroscopic data used for the operational TROPOMI CO retrieval which is based on HITRAN 2008 with H 2 O updated by Scheepmaker et al. (2012) , by the one of SEOM-IAS, HITRAN 2012 , or HITRAN 2016 Here we substituted the spectroscopic data for all retrieval species at once but also for each trace gas individually. The remaining retrieval settings are identical with the ones of the operational processing.
For the different spectroscopies, we validated the TROPOMI CO column densities with the TCCON CO product at several 20 sites of the network. The TCCON CO columns have an accuracy better than 4 % . The geolocation, altitude, and citation information of the TCCON stations is summarized in Table 2 . The validation approach is described in detail by Borsdorff et al. (2018a) , where the TROPOMI CO data in a radius of 50 km around a TCCON site is co-located with ground-based observations and subsequently corrected for the altitude difference between the TROPOMI ground pixel and the TCCON site. Finally, we compare daily averaged CO data.
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For the validation of the TROPOMI data, we discriminated clear-sky observations and those with low clouds as described by Borsdorff et al. (2018a) . Figure 1 and Fig. 2 give an example of a time series deploying the HITRAN 2016 spectroscopic data.
Based on this, Fig. 3 shows the statistics of the corresponding biases between TROPOMI and the TCCON measurements.
The inter-comparison of the TROPOMI CO retrievals with the CO data of the CAMS-IFS model follows the approach as described in Borsdorff et al. (2018b) , where we interpolated the vertical profiles of the model spatially and temporally to the 30 time and geolocation of the ground pixels of TROPOMI. Then we calculated the total column concentration of CO from the model profiles by multiplying them with corresponding total column averaging kernels of TROPOMI that are provided for each measurement. By that the comparison is free of the null-space or smoothing error contribution (Rodgers, 2000) .
Results

Spectroscopic Databases
The bias between TROPOMI CO and the ground-based validation measurements of the TCCON network depends significantly on the spectroscopic data base used in the retrieval. Using HITRAN 2016 (see Fig. 3 ) instead of HITRAN 2008 with H 2 O updated by Scheepmaker et al. (2012) (see Fig 4) , the difference between TCCON and TROPOMI CO is reduced from 6.4 ppb 5 to 0.1 ppb for clear sky observations and the station-to-station variability of the bias decreases from 2.5 ppb to 2.0 ppb. Also the standard deviation of the bias is reduced from 5.3 ppb to 4.4 ppb. Retrievals from cloudy and clear sky observations agree well and show similar improvements, whereas the fit quality represented by the root-mean-squared (RMS) differences between the simulated spectrum and the measurement is only slightly improved. Overall, we conclude an improved agreement between the TROPOMI and TCCON observations using the most recent HITRAN data release from 2016. Table 1 provides the TROPOMI-TCCON mean bias, the standard deviation, and the RMS of the spectral fit residuals when using the current TROPOMI spectroscopic database, the SEOM-IAS, HITRAN 2012 or HITRAN 2016 data base. We found that any of the new spectroscopic databases improves the bias and standard deviation of the biases between TCCON and TROPOMI. For SEOM-IAS, the TROPOMI CO retrievals differ by 3.3 ppb compared to the TCCON results. Furthermore, the table also shows the diagnostics when changing the spectroscopy of only one trace gas and keeping the current TROPOMI 15 spectroscopic database for the other species. It clearly indicates that updating the CH 4 cross sections is the main reason for the improved CO product. The quality of the spectral fit is only enhanced using the SEOM-IAS spectroscopy (rms=1.9), HITRAN 2016 provides the same fit quality as our baseline spectroscopy (rms=2.3) while HITRAN 2012 worsens it (rms=2.9).
One of the main applications of the TROPOMI CO data is its use in the CAMS-IFS assimilation system to improve chemical weather forecasting. Therefore, non-physical differences between TROPOMI CO product and the CAMS-IFS model must be 20 avoided. To evaluate this, we first aim to mimic the TROPOMI CO validation in Fig. 3 but using CAMS-IFS CO data instead of TROPOMI observations. Therefore, we spatio-temporally interpolated the model profiles to the corresponding TROPOMI clear-sky and cloudy measurements and applied the averaging kernels. Figure 5 shows a mean difference between CAMS-IFS and TCCON of 2.7 ppb for clear-sky condition with a station-to-station variability of 2.7 ppb and a standard deviation of the bias of 4.9 ppb. We obtain very similar results when using the averaging kernels for cloudy conditions. Therefore, we can 25 conclude that CAMS-IFS agrees well with TROPOMI CO, and with the retrievals from the TCCON network.
Inness et al. (2019) reported a latitudinally dependent difference between TROPOMI CO and CAMS-IFS model. From 28
January to 3 May 2018, TROPOMI CO is biased high compared to CAMS-IFS by (0.17±0.27)×10 18 molec. cm −2 in the high northern hemisphere, (0.07±0.19)×10 18 molec. cm −2 in the Tropics and (0.009±0.12)×10 18 molec cm −2 in the low southern hemisphere. The CAMS-IFS model is known to underestimate CO in the northern hemispheric extra-tropics, particularly in 30 winter and spring time. Hence, part of the bias between CAMS-IFS and TROPOMI can be due to the model but a systematic error in the TROPOMI CO data cannot be excluded. Figure 6 shows the longitudinal averaged difference between TROPOMI and CAMS-IFS CO fields using the current TROPOMI spectroscopic database, the SEOM-IAS, the HITRAN 2012 and 2016 spectroscopy (color coded) for 10 October 2018. Again, we spatio-temporally interpolated the CAMS-IFS CO profiles to the TROPOMI data and applied the TROPOMI averaging kernels to calculate the CAMS-IFS total CO column concentrations. To conclude, the choice of a spectroscopic database used for the TROPOMI CO retrieval is crucial. When relying on the TCCON measurements as a validation source, the HITRAN 2016 spectroscopy database is the best choice for the TROPOMI CO retrieval with no significant overall bias to the validation network and the smallest latitudinally dependent difference with the CAMS-IFS model. Overall, the SEOM-IAS spectroscopy improves the TROPOMI CO retrieval similarly as HITRAN 2016 10 but comes with a small bias compared to the measurements of the TCCON network. It is the only spectroscopy database that improves the fitting quality of the TROPOMI CO retrieval and has practically no bias with the CAMS-IFS model. It is important to note that HITRAN 2016 and SEOM-IAS are not completely independent since some of the updates from SEOM-IAS are already included in HITRAN 2016. For the operational TROPOMI data processing, the HITRAN 2012 database is out of consideration since it worsens the fit quality of the TROPOMI CO retrieval and introduces an artificial bias with CAMS-IFS 15 caused by issues in the water spectroscopy. We could not see this by comparing with TCCON data because not so many stations are available at the equator.
To finally conclude on the most appropriate spectroscopy database, we must keep in mind also the validity of the validation source. estimated the accuracy of the TCCON CO product to be better than 4 % and Borsdorff et al. (2016) noted that TCCON is biased high compared to other validation sources like measurements of the Network for the Detection 20 of Atmospheric Composition Change -Infrared Working Group (NDACC-IRWG) and of the In-service Aircraft for a Global
Observing System (MOZAIC-IAGOS). Kiel et al. (2016) found a similar disagreement between NDACC-IRWG and TCCON measurements. Based on the presented analysis, we favor the HITRAN 2016 and SEOM-IAS spectroscopy for the improved TROPOMI CO processing, although a final judgment requires a better harmonization between the different validation sources, in particular between the ground-based networks TCCON and NDACC-IRWG. 
Destriping of single orbits
The TROPOMI CO retrievals from single orbits show a significant striping pattern along the flight path, which is a well-known feature for observations of push-broom spectrometers (e.g. OMI (Boersma et al., 2011) and MODIS (Rakwatin et al., 2007) ). Borsdorff et al. (2018a) already reported that the CO stripes can exceed 5 ppb and can hamper, e.g., the detection of small point sources and the estimate of emissions from fire plumes. The origin of the stripy pattern is not yet understood and Borsdorff Fig 7) . This method removes first the background of the CO field by a median smoothing in cross-track direction and then determines per orbit a fixed stripe pattern for correction by a median along the flight path. This method already reduces a major part of the stripes in the CO data and is denoted in the following as fixed mask destriping (FMD). Analyzing TROPOMI CO orbit observation, we found that the stripe patterns changes to some extent also along the flight path, which cannot be captured by this approach. Therefore, we investigate in this study an alternative approach that is based on a Fourier filter destriping (FFD) (see right column of Fig 7) .
Transformed domain filtering is widely used in image processing and was already applied for the destriping of MODIS data (Rakwatin et al., 2007) . The idea is to transform the TROPOMI CO data d of one orbit into the Fourier space by the
Subsequently, the spectral representation of the datad(ν x , ν y ) as a function of the two frequencies ν x and ν y is multiplied by a filter function f (ν x , ν y ) to remove stripes and then is transformed back by
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The filter function f (ν x , ν y ) is chosen to filter on high frequencies in cross-track direction (x-dimension) and some low frequencies along the flight path (y-dimension). Hence, this approach removes stripes that have a high frequent part in cross-track and some low frequency change along the flight path. The filter function is defined by
Here, g(ν y , 0, σ(ν x )) is a collection of Gaussian function for each ν x centered around ν y = 0 with a standard deviation σ(ν x ) 15 which depends linearly on ν x as shown in Fig. 8 with σ min = 0.3 for low frequencies and σ max = 7 for high frequencies.
Here, no filtering was applied for ν x ∈ [−7, 7]. These parameters were chosen empirically such that the median of the destriped TROPOMI CO data from one orbit is deviating by less than 1 percent from the original one. Finally, the destriping mask is calculated by s = d − d ds .
To measure the effectiveness of the destriping approach, we defined the characteristic
where the operator Dx(d) = ∂d ∂x is the discrete derivative operator in cross-track direction (see Fig 9a ) and Dy = ∂d ∂y the discrete derivate operator along flight (see Fig 9b) and the function std is the operator to calculate the standard deviation. The derivative Dy(d) represents mostly the natural pixel-to-pixel variability of the measured CO field, whereas Dx(d) is sensitive to the stripe pattern along the flight path. Figure 9c shows Dx(d ds ) when applying the FMD method and Fig 9d when applying   25 the FFD approach. While the FMD method still leaves remaining stripes in the data the FFD approach is more efficient.
For the original data d, γ is usually greater than one since the stripes enhance Dx(d) compared to Dy(d). Hence, we expect that the destriping reduces γ, with γ = 1 for an isotropic pixel-to-pixel variation in the CO field. However, we cannot demand γ = 1 after destriping because different synoptic variation in CO in both directions on average cannot be precluded. A tuning of the destriping algorithm to fulfill γ = 1 may result in a unwanted smoothing of the CO data. Figure 10 shows the γ value of the TROPOMI measurements from November 2017 to November 2018 without applying any destriping (gray line). Hence, we see a trend in the intensity of the striping pattern that increased by about 16 % in the first year of the mission, which may hint at a possible degradation of the instrument. The FMD approach (pink line) significantly reduces the stripe pattern by about 24 % and removes the trend of the original data. Finally the FFD approach (green line) also removes the trend and further improves γ by 20 % compared to the FMD method. Here, it is remarkable that the FFD approach 5 shows also a lower standard deviation of the monthly averages which points to a more consistent destriping with time.
For both destriping methods, we found that the TCCON validation (bias, station-to-station variability of the bias, and standard deviation of the bias) does not significantly change. For the TCCON validation monthly averages in a collocation radius of 50 km were calculated. We found that on this scale, stripes on single orbit data can be neglected and so we can conclude that the destriping is not introducing additional overall biases when applied on the data. The advantage of destriping the CO data 10 becomes obvious, when we consider CO emission from fires like in Fig. 7 . Here stripes can have a significant impact on the estimated emission and the detection limit of this type of events.
Conclusions
The TROPOMI instrument is operating successfully since more than one year (13th of October 2017) on ESA's Sentinel-5P satellite, where the SWIR measurements provide the total column concentration of CO with daily global coverage and a 15 high spatial resolution of 7x7 km 2 . Early in the mission it was concluded that the TROPOMI CO dataset fulfills the mission requirements (accuracy < 15 % and precision < 10 %) and the TROPOMI CO data product was released by ESA in July 2018.
Previous studies indicated that the TROPOMI CO product is biased high by about 6.4 ppb compared to the ground-based validation measurements of the TCCON network. Moreover, both a latitudinally dependent difference with the CAMS-IFS model and significant stripe patterns of single TROPOMI CO orbits, exceeding 5 ppb occasionally, were reported.
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This study showed that the use of the SEOM-IAS, HITRAN 2012, HITRAN 2016 spectroscopic database significantly affects the CO bias between the TROPOMI and TCCON observations and the CO comparison with the CAMS-IFS model.
Currently the operational processing of TROPOMI CO data relies on HITRAN 2008 spectroscopy with updates to the H 2 O spectroscopy by Scheepmaker et al. (2012) which results in a bias of 6.4 ppb as derived from one year of observations using TCCON observations as a validation reference. Any of the other investigated molecular spectroscopies improves these diagnos-25 tics due to improved CH 4 absorption lines in the new databases. Here, SEOM-IAS reduces the bias to 3.3 ppb , HITRAN 2012 to -1.8 ppb, and HITRAN 2016 to 0.1 ppb. We found similar improvements for the station-to-station variability of the biases. To finally conclude on the most appropriate spectroscopy database, we also must keep in mind the validity of the validation source. Borsdorff et al. (2016) noted that TCCON is biased high compared to other validation sources like measurements of the NDACC-IRWG and MOZAIC-IAGOS. Kiel et al. (2016) found a similar disagreement between NDACC-IRWG and TCCON Ozone Monitoring Instrument, Atmospheric Measurement Techniques, 4, 1905 -1928 , https://doi.org/10.5194/amt-4-1905 -2011 , https: //www.atmos-meas-tech.net/4/1905 /2011 /, 2011 Borsdorff, T., Tol, P., Williams, J. E., de Laat, J., aan de Brugh, J., Nédélec, P., Aben, I., and Landgraf, J.: Carbon monoxide total columns from SCIAMACHY 2.3 µm atmospheric reflectance measurements: towards a full-mission data product (2003 ), Atmospheric Measurement Techniques, 9, 227-248, https://doi.org/10.5194/amt-9-227-2016 , https://doi.org/10.5194%2Famt-9-227-2016 , 2016 (Pollard et al., 2019) 
